Abstract Endocrinological action is generally thought to be a way for animals to respond to stress at low temperatures. To learn the role of hormones in ectotherms inhabiting alpine environments, we studied the effects of acute low temperature exposure on the endocrinological reactions of Qinghai toad-headed lizards in the Qinghai-Tibetan Plateau. We monitored plasma corticosterone and insulin concentration of the lizards under five low temperature treatments. We found no significant difference in plasma corticosterone or insulin in lizards among our five different treatments. For males and females the correlation between plasma corticosterone and insulin concentrations was not significant. In contrast to other studies on reptiles at low altitude, we suggest that due to the alpine environment (low temperature and low oxygen concentration) they inhabit, Qinghai toad-headed lizards respond to experimental cold stress slightly to mobilize energy and live their vivid life. In addition, corticosterone and insulin of Qinghai toad-headed lizards are secreted independently along with low temperature treatments [Current Zoology 57 (6): [775][776][777][778][779][780] 2011].
When animals face stress, rates of nutriment metabolism change because of endocrinological regulation. Adrenal glucocorticoid is known to mobilize substances from peripheral energy deposits and insures a plentiful supply of glucose under conditions of stress (Dallman et al., 1993; . Previous studies indicate that adrenal glucocorticoids also affect insulin secretion (Dallman et al., 2007) . The interaction between glucocorticoids and insulin exists in the physiological regulation of stress (Remage-Healey and Romero, 2001; . Cold weather is an important stressor that induces changes in hormone secretion, the cardiovascular system and the immune-system in animals. Cold stress in vertebrates may activate the neuroendocrine pathway and cause the release of regulation hormones such as glucocorticoid and insulin related to energy metabolism (Mazeaud et al., 1977; Barton and Peter, 1982; Fregly, 1989; Henle, 1990; Wendelaar Bonga, 1997; Reid et al., 1998; Stouthart et al., 1998; Silva, 2005) . In reptiles that live in plains at low altitude, environmental temperature influences physiological activities such as cardiac activities, basal metabolic rate and hormone secretion (Li et al., 1992; Tumur et al., 2005) . However, the secretion and co-variety of glucocorticoid and insulin of alpine lizards due in response to low temperatures is unknown. Exploring the relationship between glucocorticoid and insulin will help us to understand the mechanism of endocrinological regulation that animals use to survive cold weather and high altitude habitats.
The Qinghai toad-headed lizard Phrynocephalus vlangalii is an endemic agamid to China found across desert and semi-desert regions of the Qinghai-Tibetan Plateau (Zhao, 1997; Jin et al., 2008) . As an ectotherm in an arid environment at high altitude, Qinghai toad-headed lizards hibernate during the long winter and engage in viviparous reproduction in the summer at relatively low temperatures (Zhao, 1997) . How the Qinghai toad-headed lizard survives the cold conditions via endocrinological mechanisms is unknown, but this species may be a model organism for studying the effects of low temperatures on hormone secretion. The daytime temperature of the Qinghai-Tibetan Plateau fluctuates over a large range of approximately 0−20°C, and we wonder if this specific circadian-temperature-variation has played an important role in the evolution of endocrinological adaptation in this alpine lizard.
The aim of our study is to understand how the adrenal gland and pancreas in Qinghai toad-headed lizards react to acute stress of low temperatures. We predict that (1) the lizards respond to acute cold stress by endocrine secretion, and (2) that lizards show co-variety of glucocorticoid and insulin hormone secretion when they face cold stress. To test these hypotheses we measured plasma corticosterone and insulin concentration in Qinghai toad-headed lizards that had been exposed to cold, and then analyzed the correlation between plasma concentration of corticosterone and insulin.
Materials and Methods

Study areas and animals
Our study site, Hudong, is on the eastern shore of Qinghai Lake (36°41′-37°55′N, 99°50′-100°56′ E), China. The landscape of Hudong is a mosaic of sand dunes, alpine steppe and alpine meadow. Hudong has an altitude of 3,250-3,400 m above sea level. Mean annual precipitation is 394.4 mm. The mean annual temperature is 16.1°C, with low temperatures (-29°C) in January and high temperatures (24°C) in July. In late July the daily change in temperature is from 18°C at midday to 0.5°C at midnight.
All animals in this study were collected under animal research protocol IOZ-2006 approved by The Institute of Zoology Animal Care Committee, and cared for in accordance with the principles and guidelines of The Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences and The Chinese Wildlife Management Authority. We used paper cups baited with common mealworms Tenebrio molitor to trap adult Qinghai toad-headed lizards in sand dunes around Hudong. The captured lizards were kept in a paper box (0.5 × 0.5 m 2 ) and transported to the laboratory. As previous research in lizards suggests (Moore et al., 1991; DeNardo and Licht, 1993; Manzo et al., 1994; Jones and Bell, 2004) , lizards were reared in an open cage (2 × 1 m 2 ) with sand substrate for 14 days to minimize the severely acute stress of captivity. The number lizards in each cage varied from three to five. Fighting behavior and stress responses to captivity were not observed. Common mealworms and water were supplied once a day. The lizards were kept under natural environment photoperiods. Relative humidity and temperature of the laboratory were 40%-58% and 18-26°C. We assigned all individuals into five groups randomly. For each group the sex ratio was approximately 1:1. Before blood sampling, each group was arranged respectively into different treatments of low temperature that simulated the temperature of day and night in the Hudong area during late July. Treatment I: room temperature of 17.1-18.3°C; Treatment II: exposed to 0.5-0.1°C for one hour; Treatment III: exposed to 0.5-0.1°C for three hours; Treatment IV: exposed to 0.5-0.1°C for six hours; and Treatment V: exposed to 0.5-0.1°C for 12 hours. Cages containing animals were moved into cold rooms accordingly.
Blood sampling and hormone assay
All samples were taken at approximately the same time of day (between 8:00-10:00 h) to control for circadian fluctuations in circulating hormone levels. All blood samples were collected immediately (within two minutes) after grabbing the lizard. We sampled blood from the post-ocular sinus and collected the sample into heparinized tubes, and then centrifuged each sample at 3,000 g for 15 min at room temperature. We transferred plasma samples to a tube and kept them at -20°C for further assay. We used enzyme immunoassay (ELISA) and radioimmunoassay (RIA) to assay plasma concentrations of corticosterone and insulin, respectively. To determine if components in the plasma interfere with binding of the hormone to the antibody, we did serial dilutions of plasma to test the validity of RIA in determining corticosterone and EIA in determining insulin and found that the correlation between measured values and theoretical values of each hormone was positively significant (for RIA in corticosterone, P <0.01; for EIA in insulin, P <0.05). To confirm validity of the assay in detecting changes in hormone concentrations we monitored changes in hormones in treatment animals. We found that plasma corticosterone concentration changed significantly before and after confinement for 6 hours (P< 0.05), and the plasma insulin level changed significantly in fasting and fed lizards (P< 0.05). Guide books from immunoassay kits and previous studies also indicated that the assay can detect changes in plasma corticosterone and insulin concentrations in lizards (e.g. Dupé-Godet and Adjovi, 1981a, b; Dunlap and Wingfield, 1995; Yang and Wilczynski, 2003; Phillips and Klukowski, 2008) .
We used commercially available enzyme immunoassay (EIA) kits (RapidBio Lab. Calabasas, USA and Sun Biomedical Technology Co. Ltd., Beijing, China) to quantify the corticosterone concentration in processed plasma samples. We followed the protocol in the manufacturer's guidebook, ran samples in duplicate and compared hormone concentrations to a standard curve.
Mean intra-and inter-assay coefficient of variation of corticosterone was 5.7% (n=12) and 8.0% (n=12), and assay sensitivities was 0.7 nmol/L.
We used 125 I insulin radioimmunoassay (RIA) kits (Beijing Chemclin Biotech Co. Ltd., Beijing, China) to quantify insulin concentration in the processed plasma samples. We followed the protocol in the manufacturer's guidebook for the 125 I insulin RIA kits, except that we assayed plasma samples in duplicate. Standard curves were produced from six standards (5-160 μIU/ml). We used a Wizard 1470 automatic γ counter (Wallac, PerkinElmer Inc., Turku, Finland) to count radioactivity. Mean intra-and inter-assay coefficient of variation of insulin was less than 10.0% (n=10) and 15.0% (n=10) respectively and assay sensitivity was 1.5 μIU/ml.
Data analysis
Statistical analyses were conducted using SPSS v10 (SPSS Inc., Chicago, USA). When the distribution of data was in accordance with a normal distribution (one sample Kolmogorov-Smirnov test, P > 0.05), we used Univariate tests of General Linear Model (GLM) to test the difference in plasma concentrations of hormones between treatments. We used Levene's test to estimate homogeneity of variance (if P>0.05, variances was equal). When variances were unequal (Levene's test, P<0.05), we transformed those data using a log transformation. GLM was also used to test the interaction effects of treatment and sex on hormone levels. We pooled data from males and females when the effect of gender was not significant, and used the Univariate test of GLM to look for differences among low temperature treatments. We also calculated Pearson correlation coefficients for plasma corticosterone and plasma insulin levels. P<0.05 was considered significantly different for all tests.
Results
Changes in plasma corticosterone concentration
No significant difference among treatments was found (Univariate test of GLM, F 4, 40 = 1.282, P=0.299, Fig. 1 ).
Changes in plasma insulin concentrations
No significant difference in plasma insulin concentration was found (Univariate test of GLM, F 4, 25 = 0.822, P=0.520, Table 1 Fig. 2 ).
Correlation between corticosterone and insulin levels
There was no significant correlation between plasma corticosterone concentration and plasma insulin concentration in male (Pearson correlation test, df = 5, r= -0.299, P=0.625, 
Discussion
The glucocorticoid secretion of lizards may respond to environmental influences such as extreme climatic conditions (Dunlap and Wingfield, 1995) . It has been reported that low-temperature stress activates the hypothalamic-pituitary-adrenal axis and causes the release of glucocorticoid hormone in vertebrates (Wendelaar Bonga, 1997; Stouthart et al., 1998; Chen et al., 2002) . Callard et al. (1975) reported that adrenocortical secretion of a lizard (Dipsosaurus dorsalis) changed due to different temperature treatments. Oppositely, our data shows that the effect of acute low temperature stress on the secretion of corticosterone is not significant. Thus, it I: room temperature of 17.1-18.3°C; II: exposed to 0.5-0.1°C for one hour; III: exposed to 0.5-0.1°C for three hours; IV: exposed to 0.5-0.1°C for six hours; and V: exposed to 0.5-0.1°C for 12 hours.
Fig. 2 Plasma insulin level of the lizard in treatments of low temperature (Mean ± SE)
I: room temperature of 17.1-18.3°C; II: exposed to 0.5-0.1°C for one hour; III: exposed to 0.5-0.1°C for three hours; IV: exposed to 0.5-0.1°C for six hours; and V: exposed to 0.5-0.1°C for 12 hours. seems that Qinghai toad-headed lizards give slight response to acute cold stress in endocrine system. Lance and Elsey (1999) found that during short-term cold exposure, plasma corticosterone in juvenile alligators Alligator mississippiensis rose significantly at one hour and returned to levels not significantly different from initial levels at 24 and 48 hours. Combined with our data, we suggest that low temperature stress alters glucocorticoid secretions in vertebrates in diverse ways. The possible reason for this diverse result is that alpine animals are acclimated to cold temperatures, and cold stress is probably a predictable aspect of their life history and not a stressor (McEwen and Wingfield, 2003; Wingfield, 2005) . Cold exposure leads animals to change carbohydrate metabolism, which is modulated by hormones such as insulin and glucagons (Vallerand et al., 1983; Sasaki et al., 1982; Henle, 1990; Callard et al., 1975) . Monitoring insulin secretion allows us to learn the physiological mechanism of adaptation to cold weather. In our study, we did not find an effect of low temperatures on plasma insulin in Qinghai toad-headed lizards. Our findings differ from other reports in reptiles and endothermic animals (Boswell et al., 1994; Vallerand et al., 1983; Sasaki et al., 1982) . For example, plasma insulin levels in sahelian lizards Varanus exanthematicus show seasonal difference because of temperature and food availability: maximal values are observed during the nourishment period, and minimal values during starvation (Dupé-Godet and Adjovi, 1981) .
Why is insulin secretion in Qinghai toad-headed lizard unaffected by exposure to low temperatures? A possible reason may be that the animal is acclimated to a plateau environment of low environmental temperature and low oxygen concentration; however, we do not know how the lizard reacts to cold exposure on the plateau. Analysis on altitudinal variation in reproductive strategy indicates that the Qinghai toad-headed lizard has smaller clutches of larger offspring and lower reproductive effort in order to survive the alpine climate (Jin and Liu, 2007) . Gregory (1982) suggested that cold acclimation in some reptiles reduces metabolic rates only in winter. Moreover, Sceloporus lizards in different latitudes show different patterns of thermal acclimation and metabolism. For example, temperate-zone lizards are active during winter and compensate for cooler temperatures by increasing standard metabolic rate (SMR), whereas those that hibernate at higher latitudes conserve energy by decreasing SMR after cold exposure (Tsuji, 1988) . Similarly, it is predicted that animals living in alpine and other arid environments may have hormonal responses tailored to the ecological challenges presented by their environment (Richardson et al., 2003) . That is to say, lizards in different environments adopt different strategies when responding to cold weather (Richardson et al., 2003) .
Wild animals at high latitude or high altitude have to encounter cold weather and evolve different behavioral and physiological mechanism to adapt to low temperatures (Valakos, 1989; Grenard, 1991; Bradshaw, 2003; Henle, 1990) . Glucocorticoid and insulin are two hormones involved in the regulation of fuel, stress responses (including cold stress), and the transition from active life to hibernation. Strack et al. (1995) suggested that glucocorticoids and insulin are major antagonistic long-term regulators of energy balance. In addition to glucocorticoids and insulin, thyroxine and the hypothalamic-pituitary-thyroid axis also play a role in food intake and energy metabolism (Fregly, 1989; Silva, 2005; Tumur et al., 2005) . There are marked interactions between glucocorticoids and insulin on most aspects of metabolism, and these interactions serve as a peripheral hormonal feedback loop that regulates the energy metabolism system (Dallman et al., 1993; Remage-Healey and Romero, 2001; . Dallman et al. (2007) suggests the interaction between glucocorticoid and insulin regulates glucose and triglyceride levels during stress and modulates the choice of fat intake. However, the mechanism of interaction between glucocorticoid and insulin remains unclear. As in our experiment, there is no obvious correlation between plasma corticosterone and insulin concentrations. Actually, glucocorticoids affect insulin secretion indirectly. For example, cortisol counteracts insulin by increasing gluconeogenesis and promotes the breakdown of lipids and proteins, and mobilization of extrahepatic amino acids and ketone bodies (Andrews and Walker, 1999) . Cortisol does cause serum glucose to rise which is probably an indirect effect as well (Houck et al., 1968) .
In conclusion, our results represent one physiological characteristic of ectotherms living in high altitude, low temperature and oxygen deficient environments. The slight response to experimental cold stress could help the lizards to mobilize energy and live their vivid life in the alpine environment. When faced with low temperatures, Qinghai toad-headed lizards show independent endocrine action of the adrenal gland and pancreas. Additionally, our data shows that there is no sexual difference in this endocrine reaction.
